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ABSTRACT 
 
Amphipathic molecules consist of hydrophilic and hydrophobic regions, which 
make them surface-active molecules. The uniqueness of these compounds results in 
inducing low surface tension and self-assembly of the molecules inside a solvent which 
have been exploited in personal care, oil industry and agriculture industry. Amphipathic 
molecules are also used in the health care industry as drug delivery systems and other bio-
nanotechnology applications.  
In this thesis, a novel series of grafted siloxanes have been explored for their 
probable application in the health care industry. The siloxanes are grafted with 
poly(ethylene glycol) (PEG) and quaternary ammonium salt (QUAT). The effects of 
varying 1) molar ratios of QUAT to PEG and 2) PEG chain length on contact angle, surface 
tension, critical micelle concentration (CMC), and micelle assembly properties were 
studied. In contact angle experiments, the hydrophilicity of grafted siloxanes increased by 
grafting PEG and QUAT. The amphiphilicity increases and CMC decreases as the PEG 
chain length shortens. Adding QUAT also reduces CMC. These trends were observed in 
surface tension and Isothermal Titration Calorimetry experiments. A change in self-
assembly behavior was also observed in Dynamic Light Scattering experiments upon 
increasing the PEG chain length and its ratio relative to the quaternary ammonium in the 
siloxane polymer.  
These polymers have also been studied for their probable application as a 
sensitive 1H NMR spectroscopy indicator of tissue oxygenation (pO2) based on 
ii 
spectroscopic spin-lattice relaxometry. The proton imaging of siloxanes to map tissue 
oxygenation levels (PISTOL) technique is used to map T1 of siloxane polymer, which is 
correlated to dynamic changes in tissue pO2 at various locations by a linear relationship 
between pO2 and 1/T1. The T1-weighted echo spin signals were observed in initial study 
of siloxanes using the PISTOL technique.  
The change in the ratio of QUAT to PEG and the varying chain length of PEG have 
a significant effect on the physical property characteristics of siloxane graft copolymers. 
The conclusions and observations of the present work serve as a benchmark study for 
further development of adaptive polymers and for the creation of integrated “nanoscale” 
probes for PISTOL oximetry and drug delivery.  
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CHAPTER 1 
INTRODUCTION 
1.1 Amphiphilic molecules 
Molecules having affinity to both polar and non-polar solvents are called 
amphiphilic molecules. Amphiphilic molecules contain hydrophilic and hydrophobic parts 
bonded with a covalent bond2.  
Depending on their charge on the hydrophilic groups, amphiphilic molecules are 
characterized into anionic, cationic, zwitterionic and non-ionic amphiphiles. However, new 
classes of surfactants like polymeric surfactant, bio-surfactant, Gemini surfactant and 
siloxane surfactant have recently emerged. Amphiphilicity of these molecules give them 
two unique characteristics – surface activity and self-assembly.  
Surface of any liquid experiences an imbalance of attractive intermolecular 
interactions giving rise to surface tension. The imbalance of forces leads to increase in 
surface energy. To reduce the surface energy, the liquid system contacts the exposed 
surface area forming meniscus 3. Having affinity to both hydrophilic and hydrophobic 
solvents, amphiphilic molecules spontaneously adsorb at the interface to form oriented 
monolayer, which decrease the interfacial tension of the system. The interfaces could be 
comprised of solid-liquid system (suspensions), liquid-liquid system (emulsion) or liquid-
vapor system (foam). Being surface active, the small amphiphilic molecules are also called 
“surface active agents” or “surfactants”4.  
Self-assembly is another important characteristic of amphiphilic molecules. As 
stated above, the surfactants spontaneously get adsorbed at the surface to orient themselves 
into monolayers. But once the surface is saturated with the surfactants, the monomers 
2 
present inside the solution self-assemble into groups. This is done to reduce free energy of 
the system by aggregating the hydrophobic groups in the center of the assemblies. This 
way the water solvent only interacts with the hydrophilic group, while removing the 
hydrophobic group from contact with water 5. These self-assemblies are called micelles 
and the minimum concentration of the surfactant required to form self-assemblies is called 
critical micelle concentration (CMC). Depending upon hydrophobic and hydrophilic parts, 
the amphiphilic molecule assemble into different structures like spherical and cylindrical 
micelles, vesicles, nanotubes, nanofibers, and lamellae 1. These structures are also 
influenced by concentration of surfactant, temperature and pH of the solvent. Micelle 
formation is an important characteristic as it effects the solubility, turbidity, viscosity and 
other properties of solution.  
This gives them unique surface characteristics making them applicable for use in 
pharmaceuticals, cosmetics, textile industry, food processing, agriculture, and oil recovery 
sectors. 
Self-assembly and lower interfacial tension are used for several applications which 
can be grouped as detergency, wettability, foaming, emulsion, and dispersion. Detergency 
is cleaning contaminants from the surface without using solvents. Surfactants play a crucial 
role of removing the oil and dirt contaminates from the surface by processes of solubilizing, 
suspending, and emulsification 6. They lower the interfacial tension at solid-water interface 
and suspend the dirt in water which is washed away.  
The tendency of fluid to spread or adhere over a solid surface in presence of other 
immiscible fluids is dependent on the wettability of the surface 7. Wettability of a system 
3 
depends upon likeliness of solid film towards liquid solvent and is a major factor in the oil-
recovery and printing industries. 
Foaming or deforming is controlled by surfactant systems. Foaming is desirable 
property for the personal care and food industries as they add to aesthetic aspect for the 
product. It is undesirable for oil recovery systems, textiles, and printing industries as they 
interfere and degrade industry equipment. Foaming is formed by reducing the liquid-air 
interfacial tension. The production and stability of foam is dependent on number of factors 
like presence of free monomers in solvent, energy required to form new surfaces, retention 
of surfactant around air bubble, water drainage etc. 5. The dynamic surface tension is 
important characteristics to determine the foaming characterizes of a surfactant 8, which in 
turn are dependent upon changing the length of hydrophobic group and the charge on 
hydrophilic group of surfactants9. 
Emulsification is important property for dissolving a fluid in another immiscible 
fluid. The surfactants get adsorb at liquid-liquid interface and form thermally metastable 
states 10.  Depending upon solvents volume ratio and surfactants hydrophilic-lipophilic 
balance(HLB) values, they can either be oil-in-water phase or water-in-oil phase 
emulsions. Sometimes, multiple (water-in-oil-in-water) phase emulsions are also made 
depending up to the application, nature of component and nature of amphiphilic molecule 
10. Emulsions are used in a wide variety of applications, including the printing, lubrication, 
coating, food, and cosmetic industry.  
Emulsion and self-assembly of amphiphilic molecules have found their use in 
healthcare industry mostly as drug delivery systems. Phospholipids, Cholesterol, bile acids 
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and pulmonary surfactants are some examples of natural amphiphiles present in living 
beings. The modulation of these surfactants influences humans. Pulmonary surfactants are 
present in lungs which are responsible of stabilizing lungs and establish barrier against 
entry of pathogens. Alterations of these surfactants causes organ diseases 11. 
Amphiphilic molecules have also been used to mimic assembly of lipids and 
proteins, drug and gene delivery, development of complex nanostructures, and stimulus 
responsive assembly structures to pave the way to nano-biotechnology 1. Though most of 
the applications as present use amphiphiles with hydrocarbon backbone; in present work 
the use of new class of “siloxane” amphiphiles have been studied as a potential bench-mark 
for integrated nano-functions for healthcare industry. 
1.2 Siloxanes Surfactant 
Silicones or siloxanes are polymers with an Si-O-Si backbone chain instead of a 
conventional hydrocarbon backbone. Higher flexibility of Si-O backbone as compared to 
hydrocarbon backbone allows the silicone surfactants to adopt conformation to their best 
advantage; allowing silicone surfactants to reach lower surface and interfacial tensions 
when compared to hydrocarbons 3. Silicone surfactants are synthesized by grafting polar 
groups to permethylated siloxane groups, in which siloxane backbone acts as a 
hydrophobic group. Compared to hydrocarbon surfactants, which can lower surface tension 
to ~30 dyne/cm, silicone surfactants are able to reduce surface tension to ~20 dyne/cm 12.  
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Figure 1.1: Surface characteristics of hydrocarbon versus siloxane12 
 
The siloxane surfactants have typically 3 monomer structures – trisiloxane 
surfactants, ABA copolymer surfactant (B is siloxane group) or rank type copolymer 
surfactants (grafted on comb co-polymer).  
Lowering surface and interfacial tension, superwetting, self-assembly and 
aggregation has led to many applications of siloxanes in textile and fiber industry, personal 
care and cosmetics applications, and paints and coating industries since their first 
introduction into the market in the 1950s during the manufacturing of polyurethane foams 
12. Having characteristics like other amphiphilic molecules, siloxanes have been considered 
as either an alternate or add-on to hydrocarbon amphiphiles in formulations.  
1.3 Literature Review 
 In literature, we find applications of silicone surfactants in formation of 
polyurethane foam, foam control and demulsification, their use in personal care industry, 
and agriculture adjuvants. Their applications in emulsification and polymeric surface 
modifiers have also been studied extensively. Randall M. Hill presents comprehensive 
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study of silicone surfactants in above mentioned applications in his book ‘silicone 
surfactants’ from surfactant science series 12.  
 Due to increasing use, several assessments have been made to calculate the risk of 
silicones to human health 13. They have been found to be mostly inert towards living 
organisms and are considered non-toxic materials. This has led to increase of their used in 
pharmaceutical and medical applications as material of choice for drug delivery 
applications and implantable devices due to the versatility of the molecules 14,15. 
 Few examples of use of grafted silicones in medical applications include synthesis 
of protein resistant hydrophilic polymeric biomaterial for implantable medical devices for 
diagnostic purposes 57 and to control diffusion of quaternary ammonium salts for 
antimicrobial purposes by grafting them on siloxanes 58.  
 Recently Ignazio Blanco, in his review discusses polysiloxane as a novel way to 
bridge the gap between diagnosis, drug delivery and therapeutics 59. Siloxanes can be used 
to quantify the dynamic changes in tissue oxygenation level using magnetic resonance 
imaging 16. Measurement of hypoxia and tissue oxygen tension (pO2) can help in 
understanding of physiology, pathophysiology and possible clinical prognosis of the 
treatment of the disease. It can also help to tailor therapy and personalized medicine based 
on the prognosis 17. 
  A well-established technique, 19F NMR, to provide to provide quantitative 
oximetry based on spin-lattice relaxation of perfluorocarbons is limited by lack of 19F 
scanners on most clinical MRI scanners 17. Feasibility of tissue oximetry using 1H-NMR 
spectroscopic relaxometry was done using Hexamethyldisiloxane (HDMSO) as 1H NMR 
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probe for pO2 by Vikram Kodibagkar 
17. 1H resonance of Si-CH3 has shown to be extremely 
sensitive to changes in pO2 with no interferences with fat and water signals 
18.  
Biocapacity requires materials to be absent “of thrombogenic, toxic, allergic or 
inflammatory reactions; no destruction of formed elements; no change in plasma proteins 
or enzymes; no immunological reactions; no carcinogenic effects; and no deterioration of 
adjacent tissues” 59. Polysiloxane have shown to have promising aspects in vast range of 
bio-medical applications. In his review, Ignazio Blanco discusses several studies 
describing use of silicones as a critical component for transdermal drug delivery devices 
(TDD) for cancer therapy formulations 59. Underhill et. al. in 2002 has successfully shown 
that oil-in-water microemulsion formed using silicones fortifies coagulation and rupture 60. 
1.4 Scope of the Project 
The present work involves synthesis and structural characterization of amphiphilic 
siloxanes. This is done by grafting poly ethylene glycol mono methyl ether (Mn 550) 
(PEG11), Triethylene glycol mono methyl ether (PEG3) and N,N,N- triethylprop-2-en-1-
ammonium bromide (quaternary ammonium ion) (QUAT) over siloxane backbone. The 
grafting is done using hydrosilylation reaction using Karstedt’s catalyst (Chapter 2).  
Polyethylene glycol are grafted for increasing hydrophilicity of the molecule. 
Quaternary ammonium salts prove the positive charge to the siloxane. These grafted 
molecules are selected as they are readily available and used in industry.  The structure of 
grafted molecules are analyzed using 1H NMR and FT-IR (Chapter 3). 
The work includes the study of effects of poly ethylene glycol and quaternary 
ammonium salt on hydrophilicity and surface tension of the siloxanes. The critical micelle 
8 
concentration and size distributions have also been studied. The study is done by attaching 
different ratios of poly ethylene glycol and quaternary ammonium salts to siloxanes. The 
effects of different chain length of polyethylene glycol (PEG3 and PEG11) on the given 
properties have also been considered (Chapter 4).  
Siloxanes have been identified as the sensitive proton NMR indicator of tissue 
oxygenation (pO2) based on spectroscopic spin-lattice relaxometry. Future scope of this 
project includes Proton Imaging of Siloxanes to map Tissue Oxygenation Levels (PISTOL) 
to quantitatively image oxygen levels and dynamic changes in response to intervention 
which has been used to map T1 of siloxane polymer 17.  
Based on Magnetic resonance imaging and other physical property 
characterization, this study is considered a bench mark for future class of novel grafted-
siloxanes which can be used as drug delivery and medical interventions along with proton 
imaging. 
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CHAPTER 2 
POLYMER SYNTHESIS 
2.1 Introduction 
Siloxanes are polymers with an Si-O-Si backbone. These are a unique class of 
polymers combining chemical functionalities of silicones and other functional groups 
1919171818181821[21][20][14]. Siloxanes can be made amphiphilic by grafting hydrophilic 
functional groups onto the siloxane backbone. These can be done by either forming 
hydrolytically stable Si-C bonds or hydrolytically unstable Si-O-C bonds. There are 
primarily 3 routes to graft functional groups on siloxane backbone: Transesterification, 
hydrosilylation, and two step hydrosilylation process 12. 
In transesterification, ≡Si-O-R1 is reacted directly with R2-OH to produce ≡Si-
OR220. Hung Zhang et. al used transesterification of PDMS-diglycidyl ether and pripol to 
synthesize thermally reversible crosslinked PDMS 21. Since Si-O-C bonds are 
hydrolytically unstable and hydrolyze in the presence of water, we did not explore 
transesterification for our present work. 
Hydrosilylation is the method of reacting a Si-H with allyl groups to form Si-C 
bond in the presence of a catalyst. This forms hydrolytically stable bonds and has been 
used widely to form organosilicons 22-25. 
Two-step hydrosilylation method involves attaching a reactive group to siloxane 
using hydrosilylation reaction in step one. In step two, a polar group is attached to the 
siloxane by reacting it with the reactive group. This is done for grafting polar groups 
that are incompatible with the hydrosilylation reaction conditions 12. 
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We grafted different chain lengths of poly(ethylene glycol) as well as quaternary 
ammonium salts onto siloxanes using hydrosilylation reaction. As discussed before, in 
the hydrosilylation method the allyl groups react with Si-H in presence of a catalyst to 
form Si-C bonds:  
α,ω-Si-H +α,ω-H2C=CH-R 
Catalyst
→     Si-CH2-CH2R 
Different supported metals, Lewis acids, nucleophiles, reduced metals, and 
transition metal complexes attached to inorganic supports can be used to catalyze this 
reaction with different metals operating in different catalytical cycles and oxidative states 
19. The two most widely used catalysts for hydrosilylation are hexachloroplatinic acid 
(H2[PtCl6]·6H2O in isopropyl alcohol) and Karstedt's catalyst [Pt2(sym-
tetramethyldivinyldisiloxane)3]. Karstedt’s catalyst has been used in this research as it 
is active even at low temperatures and is soluble in various solvents 26.  
Different solvents systems can also have an effect on the reaction as shown by 
Dae-won Chang et.al.27. Toluene was selected based on its effect on reaction, flash point 
and solubility of reactants. The mechanism of hydrosilylation reaction using transition 
metals complexes as catalysts can be explained using the modified Chalk and Harrod 
mechanism28, which has been accepted for a long time until a more recent investigation 
was done by Randolph and Wrighton in 1986 to add a step to the original mechanism29. 
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Figure 2.1: Modified Chalk-Harrod Mechanism. Adapted from Trongel et. al. 30 
 
In the present research, allyl poly(ethylene glycol) and allyl triethylammonium 
bromide were grafted on poly(methylhydrosiloxane) to synthesis new series of 
organosilicon surfactants using Karstedt's catalyst. Two different series of polymers 
were synthesized. First series consisted of different ratios of Triethylene glycol mono 
methyl ether (PEG3) and quaternary ammonium ions (QUAT) grafted on siloxanes. 
Second series consists of different ration of polyethylene glycol mono methyl ether 
(PEG11) with chain length of 11 repeat units and quaternary ammonium salt grafted on 
PHMS backbone. 
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Table 2.1: Synthesized Graft-siloxane series’ stoichiometry 
Series Sample Code Mole Ratio 
  
PHMS PEG11 PEG3 QUAT 
1 
1:20(3) 1 0 20 0 
1:15(3):5 1 0 15 5 
1:10(3):10 1 0 5 10 
2 
1:20(11) 1 20 0 0 
1:15(11):5 1 15 0 5 
1:10(11):10 1 10 0 10 
 
The reaction requires siloxane backbone with Si-H backbone. PHMS capped 
with trimethyl silane with ~20 repeat units were bought by Gelest. Allyl poly(ethylene 
glycol) and Triethylene glycol allyl methyl ether was synthesized using protocol using 
Hooper et. al. 31. Allyl triethylammonium bromide (ALQUAT) was synthesized using 
Tong et. al.’s protocol 32. Polymer were then synthesized using Hydrosilylation reaction 
and the product was characterized using NMR and FTIR.  
2.2 Experimental section 
Materials 
Poly(ethylene glycol) mono methyl ether (Mn 550), Triethylene glycol mono 
methyl ether, Karstedt’s catalyst [Platinum divinyltetramethyldisiloxane [Pt(dvs)] 3% in 
xylene solution], allyl bromide, sodium hydride (60%dispersed in mineral oil), 
triethylamine, Chloroform(NMR grade) and D2O were obtained from Sigma-Aldrich. 
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Poly(methylhydrosiloxane) (PHMS) (Mn 1700-3200) was obtained by Gelest. 
ACS reagent grade solvents: Diethyl ether, chloroform, THF, toluene and acetone 
were purchased from Fisher Scientific. 
 
Synthesis of Allyl polyethylene glycol (PEG) 
Poly(ethylene glycol) mono methyl ether (PEG11)  or Triethylene glycol mono 
methyl ether (PEG3), was dehydrated in lyophilization to remove any moisture. 0.06 mol 
of poly (ethylene glycol) methyl ether or Triethylene glycol allyl methyl ether was added 
drop wise to a suspension of 0.12 mol NaH in 50 mL THF in inert environment. The 
mixture was maintained at 0 ºC for 3 h following which 0.12 mol of allyl bromide dissolved 
in 50 mL THF was added dropwise to the reaction. The temperature was let to reach the 
room temperature and the mixture was stirred for 18 h. The solvent was then removed by 
drying in rotatory evaporation to yield an orange oil. The product was dissolved in water 
and then extracted in 600 mL (3× 200mL) chloroform to leaving behind unreacted reactants 
in water. Sodium sulphate was used to remove all the moisture from the product following 
with removal of solvent in rotatory evaporator and vacuum oven31. Pale yellow allyl poly 
(ethylene glycol) was obtained with 99% conversion (as determined by 1H NMR). 
 
 
Figure 2.2: Reaction scheme of synthesis of ALPEG. n = 3 or 11 
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Figure 2.3: Allyl Poly (ethylene glycol) mono methyl ether: 1H NMR (CDCl3, 400Mz): δ 
5.85 (m,1H), 5.15 (dd,2H), 3.95(d,2H), 3.45-3.65(m), 3.35(s,3H). 
 
 
 
Synthesis of Allyl triethylammonium bromide (QUAT) 
0.05 mol of Allyl bromide was added to a solution of triethylamine (0.07 mol) in 
acetonitrile (70 mL) equipped with reflux condenser. The reaction was allowed to run for 
10 hours. The product was precipitated in 70 mL of diethyl ether. The precipitate was 
filtered and dried under vacuum and the structure was confirmed by 1H NMR spectroscopy. 
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Figure 2.4: Reaction scheme of synthesis of allyl quaternary ammonium salt 
 
Figure 2.5: Allyl triethylammonium bromide: 1H NMR (CDCl3, 400Mz): δ 6 (m), 5.8 
(dd,2H), 4.15(d,2H), 3.45(q,6 H), 1.4(t,9H). 
 
 
Synthesis of Hydrophilic siloxanes 
0.05 milli-moles of PMHS dissolved 10 mL toluene was placed in a two neck round 
bottomed flask equipped with a reflux condenser along with desired quantities of allyl 
poly(ethylene glycol) and Allyl triethylammonium bromide. The reaction was run under 
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inert conditions. The contents of the reactor were mixed for 15 min and reactor temperature 
was raised to 75 ºC. 250 μL of Pt(dvs) catalyst was added to the mixture. 
Being exothermic reaction and slight effervescence was observed on addition of the 
catalyst. The reaction was run for 18 h under reflux. The unreacted reactants were removed 
using dialysis in THF. The final product was dried under vacuum. The polymer structure 
was characterized using 1H NMR spectroscopy and Fourier transform infrared 
spectroscopy (FT-IR). 
 
  
Figure 2.6: Hydrosilylation reaction for amphiphilic siloxanes 
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Table 2.2: Reactant moles added for each sample 
Series Sample Code moles of reactants added 
  PHMS PEG11 PEG3 QUAT 
1 
1:20(3) 0.05 0 0.15 0 
1:15(3):5 0.05 0 0.8 0.3 
1:10(3):10 0.05 0 0.55 0.55 
2 
1:20(11) 0.05 0.15 0 0 
1:15(11):5 0.05 0.8 0 0.3 
1:10(11):10 0.05 0.55 0 0.55 
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Figure 2.7: 1 H-NMR spectra of synthesis of PEG grafted siloxanes. The allyl 
poly(ethylene glycol) (bottom) reacts with poly(methylhydrosiloxane) (middle) to form 
PEG grafted siloxanes (Top). Absence of allyl group peaks (peak a and b from bottom 
spectrum) and Si-H peak (peak b -middle spectrum) in top peak confirm the completion of 
reaction. 
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Figure 2.8: 1 H-NMR spectra of synthesis of PEG and QUAT grafted siloxanes. The allyl 
quaternary ammonium salt (bottom) reacts with poly(methylhydrosiloxane) to form PEG 
and QUAT grafted siloxanes (Top). PEG grafted siloxane spectrum (middle). Absence of 
allyl group peaks (peak a and b from bottom spectrum) and Si-H peak (peak b -middle 
spectrum) in top peak and shift of peak c and d from middle spectrum confirm the 
completion of reaction. 
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2.3 Synthesis challenges 
The synthesis of graft silicone copolymers using hydrosilylation is accompanied 
with several complications and challenges. The hydrosilylation is often accompanied with 
competing side reactions including hydrogenation, isomerization, oligomerization, 
redistributions, etc. These lead to the loss of final product and additional step are required 
to improve impurity of these products 33. Contact of residual Si-H bonds with moisture in 
final product can lead to formation of silanol and hydrogen gas 12. One of the biggest 
challenge faced during the synthesis was crosslinking of final product due to presence of 
residue Si-H bonds, moisture, catalyst and unreacted reactants. Adding excess allyl 
containing compounds and dialysis of the final product reduces the crosslinking by 
removing Si-H bonds and all undesirable products respectively. The final product was 
characterized with analytical techniques.  
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CHAPTER 3 
STRUCTURAL CHARACTERIZATION 
3.1 Proton Nuclear magnetic resonance (1H NMR) 
Introduction 
Proton Nuclear magnetic resonance (1H NMR) is one of the foremost technique for 
structural determination of organic compounds. The structure of the sample is defined by 
NMR spectrum which is produced by absorption of electromagnetic radiation in radio 
frequency region. The chemical shift for different protons is as follows: 
 
Figure 3.1: 1H NMR shifts 34 
 
Sample Preparation and Experimental section 
The structural spectrum was obtained using a Bruker FT-NMR spectrometer (400 
MHz) using D2O or chloroform-d-99.8 %D containing .03% (v/v) TMS as the solvent. 
Samples for 1HNMR analysis were prepared by dissolving 20-22 mg of polymer in either 
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solvent. Samples were dissolved in solvent for 10 minutes and injected into clean, dried 
NMR tubes. The spectrum was analyzed using Bruker TopSpin 3.5 pl 7 software. 
Results  
The 1H NMR spectrum obtained from PHMS, allyl poly (ethyl glycol), Triethylene 
glycol allyl methyl ether, allyl quaternary ammonium bromide and all the six synthesized 
polymers confirm the synthesis of graft polymers. The allyl peaks present in allyl poly 
(ethyl glycol), Triethylene glycol allyl methyl ether, allyl quaternary ammonium bromide 
spectrum at δ - 5.85 and 5.15 ppm are absent in final product, confirming that the allyl 
group reacted with Si-H group of siloxanes to form Si-C bond whose peak can be seen 
between 1.21-1.30 ppm. Si-H peak is also missing in all the final spectrums confirming the 
complete grafting of PEGs and QUATs. 
The ratio of poly(ethylene glycol) to quaternary ammonium ion is calculated by 
comparing the area under each peak. The area under each peak is proportional to number 
of protons giving that signal. Since it is a polymer, many peaks superimposed each other, 
therefore finding area under each individual peak was a challenging task. Area under peak 
b (δ 0.397-0.59 ppm) and g (δ 0.62-0.91 ppm) (figure 3.2) were compared to measure 
actual ratio of grafting. Same method was used for all siloxanes. The corresponding ratios 
are recorded in the Table 3.1. 
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Figure 3.2: 1:10(11):10 PEG11 -QUAT grafted siloxane: 1 H NMR (D2O, 400Mz): δ 3.52-
3.69(m), 3.35-3.47(m), 1.24-1.7(m), 1.07-1.21(m), 0.7-0.9(m), .35-.55(m), -0.22-0.22(m) 
 
Table 3.1: Actual moles ratio grafted for each sample 
Series Sample Code Mole ratio of different chemical species present in product 
  PHMS PEG11 PEG3 QUAT 
1 
1:20(3) 1 0 20 0 
1:15(3):5 1 0 13.8 6.2 
1:10(3):10 1 0 12 8 
2 
1:20(11) 1 20 0 0 
1:15(11):5 1 13.3 0 6.7 
1:10(11):10 1 12.4 0 7.6 
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3.2 Fourier-transform infrared spectroscopy (FT-IR) 
Introduction 
Fourier-transform infrared spectroscopy (FT-IR) is another method of obtaining 
qualitative information about reaction mixture 12. Constant vibration of organic molecules 
absorbs energy matching to its frequency. When infrared radiation is passed through the 
sample, we get the transmittance percent verses wavenumber spectrum in which each spike 
represents absorption of energy 35. When compared with characteristic stretching band of 
different functional group, we can get information about completeness of reaction. 
Experimental Section 
Bruker IFS66V/S FT-IR / FT-Raman was used to obtain ATR-FTIR spectrum at 
room temperature in the range of 4000 cm -1 to 400 cm -1. The sample was mounted over 
the diamond and the spectrum were obtained under vacuum environment (< 5 mbar). Each 
reported spectrum is the average of 32 scans.  
Results 
The Table 3.2 provides the characteristics stretching bands for organosilicon 
compounds. The FTIR spectra obtained were compared with the characteristics peak 
ranges. We find characteristics peaks for -Si(CH3)-O-, -Si-CH2- and -Si-O-Si 
organosilicon functional groups were identified in the spectra. The Si-H peak (2000-2150 
cm-1) is not present in any of the spectrum, indicating completeness of hydrosilylation 
reaction. Due to several peak overlaps, we cannot quantify the molar ratios of different 
compounds, FTIR spectrum data supports the 1H NMR data. 
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Table 3.2 : Positions of infrared bands characteristic of organosilicon groups36 
Group Frequency (cm-1) 
-Si(CH2)-O- 1250, 860, 800 
-Si-CH3- 1250-1220 
-Si-O-Si 1130-1000 
Si-O 
O-H (from water) 
455 
3440 
Aliphatic CH 2862 
CH2-O-CH2 1050-1175, 500-640 
N-C 900-1300 
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Figure 3.3: FTIR spectrum for (PEG (3)) siloxanes. The PHMS:PEG(3):QUAT ratios are 
varied as 1:20(3) , 1:15(3):5 and 1:10(3):10. The Si-O (wavenumber, ῦ = 1100-1200), Si-
CH3 (ῦ = 1230), Si-CH2 (ῦ = 800), Aliphatic C-H (ῦ = 2682), C-O-C (ῦ = 1150) and N-C 
(ῦ = 1230) peak are seen. O-H peak observed is due to moisture present in the sample.  
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Figure 3.4: FTIR spectrum for (PEG(11)) siloxanes. The PHMS:PEG(11):QUAT ratios are 
varied as 1:20(11) , 1:15(11):5 and 1:10(11):10. The Si-O (wavenumber, ῦ = 1100-1200), 
Si-CH3 (ῦ = 1230), Si-CH2 (ῦ = 800), Aliphatic C-H (ῦ = 2682), C-O-C (ῦ = 1150) and N-
C (ῦ = 1230) peak are seen. O-H peak observed is due to moisture present in the sample.  
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CHAPTER 4 
PHYSICAL PROPERTY CHARACTERIZATION 
4.1 Hydrophilicity and Contact Angle Analysis  
Introduction 
Hydrophilicity and wetting are important characteristics of amphiphilic molecules. They 
are the deciding factor in usage of amphiphilic molecules in several industrial properties 
like oil recovery, spray quenching, self-cleaning, electrowetting etc. 37. Hydrophilicity of 
a film/solid surface is calculated by measuring the angle made by a water droplet on the 
solid surface (contact angle) 38.  The angles less than 90° generally correspond to 
hydrophilic surface. Whereas hydrophobic surfaces have contact angle greater than 90° 38. 
Siloxane are hydrophobic in nature. Attaching poly(ethylene glycol) and other polar groups 
reduces their hydrophobicity and makes them hydrophilic. The extent of hydrophilicity is 
calculated using Contact angle experiments where the polymers are formed into thin layer 
on glass slides. However, since these polymeric layers are not extremely smooth, contact 
angle hysteresis is calculated.  
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The contact angle hysteresis is calculated by measuring “dynamic” contact angle in 
which the contact angle is kept in motion by changing its volume. The maximum angle 
formed by expanding the droplet volume is called “advancing contact angle” and the 
minimum angle formed by contracting the volume is called “receding contact angle”. The 
difference in advancing and receding contact angle is called contact angle hysteresis 37. 
𝐻 = 𝜃𝑎 − 𝜃𝑏  (4.1) 
Sample Preparation and Experimental Section 
Contact angle measurements were performed using a Ramè-hart Contact angle 
Goniometer. 0.05 g of each sample was dissolved in 0.66 g of THF, which was then stirred 
for 1 h to ensure maximum dissolution. The thin layer of the polymers and removal of THF 
was done by spinning the dissolved the samples on Vtc-100 Vacuum Spin Coater at 4000 
rpm for 120 seconds. For dynamic contact angle measurements, 5μL water droplet is 
initially deposited on the film. Then .25 μL of water is added to the droplet till we get 
maximum angle which is advancing contact angle. 0.25 μL of water is then removed from 
droplet for each step and contact angle is measured again. The minimum angle made by 
the drop is the receding contact angle. 
Figure 4.1: Advancing(a) and receding(b) contact angle 
a b 
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Results 
The contact angle experiment confirm that grafting polyethylene glycol and 
quaternary ammonium ion decreases the contact angle and hence increase the 
hydrophilicity of the polymer. This is confirmed using student T-test which is conducted 
between PHMS and grafted siloxanes. All the six siloxanes have p <0.05 for advancing, 
static and receding contact angle.  
From 2 way ANOVA test we also find that both PEG and PHMS:PEG:QUAT ratios 
have significant effect on advancing and static contact angle as p < 0.05 for all the above 
conditions. The PHMS:PEG:QUAT ratio is the only significant factor in receding angle 
calculations. The p = 0.3 > 0.05 for PEG chain length factor for receding contact angle. 
We also see that The contact angle hysteresis is higher for 1:10(3):10, 1:20(3) and 
1:20(11) samples indicating higher surface roughness. The contact angle for 1:15(3):5 and 
1:15(11):5 is low, indicating the sample was highly hydrophilic. Overall, we can state that 
by adding different ratios of poly ethylene glycol and quaternary ammonium ion, we are 
able to get hydrophilic siloxanes which can be studied further for other amphiphilic 
property characterization.  
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Figure 4.2: Advancing, static and Receding contact angle of grafted siloxane with PHMS 
as control. The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 
1:15:5, 1:10:10 for different chain length of PEG (3 and 11). Both PEG chain length and 
varying ratios are significant factors for advancing and static contact angle as determined 
through two-way ANOVA test. The PHMS: PEG:QUAT ratio is the only significant factor 
for receding contact angle. The p = 0.3 > 0.05 for PEG chain length factor for receding 
contact angle. 
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Table 4.1: Contact Angle Experiment Results. The mole ratios of PHMS:PEG(chain 
length):QUAT moles are varied as 1:20, 1:15:5, 1:10:10 for different chain length of PEG 
(3 and 11).  Both PEG chain length (p > 0.05) and PHMS:PEG:QUAT (p>0.05) do not 
have any significant effect on Hysteresis as determined using 2 way ANOVA test. Grafting 
PEG and QUAT do have significance on decreasing all contact angles, which is determined 
by student T-test analysis between PHMS and grafted siloxanes (p < 0.05 for all). 
 
Sample  Contact Angle (°) 
PHMS:PEG(Chain 
length):QUAT 
Advancing Static Receding Hysteresis 
PHMS 95± 11 84 ± 7 61 ± 4 35 ± 6 
1:20(3) 44 ± 1 39 ± 2 26 ± 5 18 ± 4 
1:15(3):5 21 ± 6 15 ± 2 13 ± 4 8 ± 7 
1:10(3):10 49 ± 3 47 ± 5 27 ± 1 23 ± 2 
1:20(11) 43 ± 3 40 ± 1 28 ± 3 15 ± 3 
1:15(11):5 26 ± 5 13 ± 4 13 ± 4 13 ± 9 
1:10(11):10 28 ± 3 23 ± 4 18 ± 9 10 ± 6 
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4.2 Surface Tension 
Introduction 
Surface tension is the stress experienced by the molecules at the surface. All the 
molecules inside the solvent experience same force from all direction from the molecules 
surrounding them. However, the molecules at the surface experience unequal forces and 
hence experience a tension. This leads the surface to form meniscus to reduce the surface 
area 39. Having dual characteristics, amphiphilic molecules play a key role in reducing 
surface tension of a solution. Being amphiphilic, they travel to the surface with 
hydrophobic group phasing non-polar solvent. They help in equilibrating the surface 
forces.  
The surface tension of surfactant solution system initially decreases with increasing 
concentration of surfactant in the system till it reaches a certain value as σmin 40. At this 
point, the surface is saturated with the surfactant and surfactant stats to aggregate in the 
solution to form micelles. The concentration at which the amphiphilic molecules first start 
to form micelle is called critical micelle concentration, CMC. The surface tension at CMC 
is equal to the minimum surface tension, i.e., 
𝜎𝑚𝑖𝑛 = 𝜎𝐶𝑀𝐶 (4.2) 
 
Critical Micelle concentration is important property for surfactant based solutions 
as trends of many characteristic properties like surface tension, conductivity, turbidity, 
osmotic pressure, solubilization, self-diffusion change at CMC41. Hence knowledge of 
CMC is important for any amphiphilic molecule. The CMC can be calculated by plotting 
any of the above properties with respect to concentration. The slope change indicates the 
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critical micelle concentration. Here, we calculate the CMC by plotting surface tension with 
respect to concentration. 
Surface tension can be calculated pendant drop method, capillary rise method, 
sessile drop method, etc.   
Sample Preparation and Experimental Section 
Pendant drop method is used to calculate surface tension. 10 mg of siloxane 
polymer was dissolved in 2 ml water to make stock solution for the experiment. Aqueous 
solutions were used to analyze the air-water interfacial tension using Ramè-hart 
Tensiometer. For CMC calculations, surface tension was initially calculated for 1 ml water. 
50μL of stock solution was added to water and the mixture was slightly agitated and surface 
tension was calculated. The same procedure was continued by increasing solution 
concentration till we saw no change in surface tension. Surface tension was obtained by 
fitting the Young-Laplace equation to the contour profile of a 5μL pendant drop formed at 
the tip of the syringe needle. The contour fitting assumes a characteristic shape and size, 
which is used to calculate surface tension. 
Results and discussion 
Because of flexible backbone, siloxanes have lower surface tension than 
hydrocarbon amphiphilic molecules. The surface tension of the synthesized polymers lies 
between 28 mNm⁻1 to 33 mNm-1. Adding polyethylene glycol and quaternary ammonium 
ion increases the surface tension. The surface tension is lower for siloxanes grafted with 
different ratios Triethylene glycol chain as compared to siloxanes with 11 units poly 
ethylene glycol. We can hypothesis from these results that since the polyethylene glycol 
has a hydrocarbon chain, therefore, they increase constrain in variable conformation in 
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polymer and hence factor in reducing amphiphilicity of the siloxanes. We can also see that 
for both the series of polymers, the siloxanes grafted with only polyethylene glycols and 
no quaternary ammonium ion have lower surface tensions. This can be due to presence of 
charge on quaternary ammonium ion, which might increase further constrain. The 2 way 
ANOVA test determines that both PEG chain length and PHMS:PEG:QUAT ratio and their 
interaction have significant effects on surface tension (p = 3.4e-16, 2.9e-7 and 0.000005 
for PEG chain length, PHMS:PEG:QUAT ratio and their interaction respectively). 
Therefore, from these results we can say that the siloxanes with lower chain length 
polyethylene glycol and higher concentration of polyethylene glycol have higher ability to 
achieve lower surface tension. 
 
 
Figure 4.3: Surface tension of PEG(3) and PEG(11) siloxanes after Critical Micelle 
Concentration. The mole ratios of PHMS:PEG:QUAT are varied as 1:20, 1:15:5 and 
1:10:10. The 2 way ANOVA test determines that both PEG chain length and 
PHMS:PEG:QUAT ratio and their interaction have significant effects on surface tension 
(p = 3.4e-16, 2.9e-7 and 0.000005 for PEG chain length, PHMS:PEG:QUAT ratio and their 
interaction respectively)  
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Table 4.2: Minimum Surface tension and critical micelle concentration for grafted 
siloxanes. The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 
1:15:5, 1:10:10 for different chain length of PEG (3 and 11).   
 
Sample  
PHMS:PEG(Chain length):QUAT 
Surface Tension 
mN/m 
CMC 
mg/ml 
1:20(3) 28 ± 0.4 0.9 
1:15(3):5 28 ± 0.4 0.5* 
1:10(3):10 29 ± 0.3 0.7 
1:20(11) 31 ± 0.0 1.0 
1:15(11):5 33 ± 0.3 0.7 
1:10(11):10 32 ± 0.2 0.9* 
* insufficient data points 
 
Another observation made from this study was to find the critical micelle 
concertation. As the experiment was done manually, surface tension at dispersed points 
were calculated. From the data, the exact value of CMC cannot be calculated. But we can 
observe that the CMC for all the surfactants lie between 0.5 to 1 mg/ mL. The siloxanes 
grafted with Triethylene glycol tend to reach minimum surface tension faster than siloxanes 
with poly ethylene glycol with 11 units, indicating that grafting polyethylene glycol with 
shorter chain is principal factor to achieve both lower CMC and surface tension. Hence, 
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we can say that lower polyethylene glycol chains increase the amphiphilicity of siloxane 
molecules. 
 
Figure 4.4: Surface Tension vs. Concentration for PEG (3) and PEG (11) chain length 
series siloxanes. The mole ratios of PHMS:PEG(chain length):QUAT (legend) are varied 
as 1:20, 1:15:5 and 1:10:10. The CMC for all the samples lie between 0.5 – 1 mg/mL. The 
exact value is calculated using Isometric Calorimetry Titration experiment. 
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4.3 Thermodynamics of Micellization 
Introduction 
The self-assembly of surfactants into micelles above CMC can be explained 
thermodynamically by pseudo-phase separation model. Model assumes micelles as a 
separate phase whose dimensions are relatively very small as compared to macroscopic 
phases. It also states that the solubility of monomers in the solution is maximum at the cmc 
and micelles are formed as the concentration exceeds the saturation point 42.  
Micellization is a thermodynamically stable process. Change in Gibbs free energy 
(∆Gmic) can be calculated from CMC data as 
∆𝐺𝑚𝑖𝑐 = 2𝑅𝑇 ln 𝑥𝑐𝑚𝑐 (4.3) 
Where xcmc is critical micelle concentration (mole fraction), T is absolute 
temperature and R is gas constant. Entropy of micellization, ∆Smic can be calculated as 
∆𝑆𝑚𝑖𝑐 =
(∆𝐻 − ∆𝐺𝑚𝑖𝑐)
𝑇
 
(4.4) 
Enthalpy of micellization, ∆Hmic, and CMC are determined using Isometric 
Titration Calorimetry (ITC) 43.  
Experimental setup 
10 mg of siloxane polymer was dissolved in 1 ml water to make stock solution for 
the experiment. The experiments were carried out on a Nano ITC (TA Instrument-waters 
LLC, New Castle, DE) instrument and through Nano ITC run Software v3.3.0. The 
experimental setup was equipped with a computer-controlled syringe injection device 
which allowed to inject small amounts of stock solution even 0.1 μL to the sample chamber. 
For de-micellization experiment, 10mg/ml of siloxane were injected from a rotating 
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syringe of speed 350 rpm into the ITC sample chamber containing water equilibrated at 
electrode chamber. The interval between two injections was kept at 200 s. The ITC raw 
data were analyzed by using NanoAnalyzer v2.4.1 software. 
Results and Discussion 
From surface tension experiments, we found that the CMC for synthesized 
siloxanes lie between 0.5-1 mg/mL. The exact values are calculated using ITC data. The 
CMC is defined as change in slope of cumulative H vs. concentration. We see that for both 
series of samples, the Critical micelle concentration decreases on increasing concentration 
of quaternary ammonium ion in final product. Also, the CMC’s are much lower than the 
series 1 siloxanes as compared to series 2 siloxanes. However, the CMC’s calculated here 
is in mg/mL. Once calculated in molar concentration, the trends might reverse as the 
molecular weight of series 2 siloxanes is much higher than series 1 siloxanes. Also, the 
cumulative enthalpy is negative for all the system. Hence the process of micellization is 
exothermic. 
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Figure 4.5: Results of calorimetry measurements of the cumulative enthalpy of dilution 
obtained by injecting a 10.4 mg/ml aqueous solution of 1:10(11):10 siloxane polymer into 
deionized water at 298 K: (a) records of 48 successive injections of 1 μL aliquots into a 
glass ampoule containing initially 170 mL of deionized water (the equilibration time 
between 2 injections was set at 200 sec); (b) cumulative enthalpy of dilution as a function 
of the equilibrium surfactant concentration. 
 
Table 4.3: Critical micelle concentration (mg/ml) for hydrophilic siloxanes. The mole 
ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 1:15:5, 1:10:10 for 
different chain length of PEG (3 and 11). 
 
Sample  CMC(mg/ml) CMC(mg/ml) 
 From ITC  From Surface tension  
PEG Chain Length =3 
1:20(3) 0.7 0.9 
1:15(3):5 0.6 0.5* 
1:10(3):10 0.6 0.7 
 (PEG Chain Length =11) 
1:20(11) 0.9 1.0 
1:15(11):5 0.8 0.7 
1:10(11):10 0.7 0.9* 
* insufficient data points  
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4.4 Size Distribution and Micelle Self-Assembly 
Introduction 
Micelles are the self-assembles of amphiphilic molecules inside the solvent to 
reduce energy of the overall system. The thermodynamic incompatibility of hydrophilic 
and hydrophobic groups leads to spatial organization of the molecules into certain 
assemblies like micelles, vesical, nano-tubes, lamella, etc. Based on their head groups, size 
and length of the backbone chain, the aggregates can take up several morphologies like 
sphere, cylinder, bilayer and cylindrical 44.  For hydrocarbon amphiphiles, the 
morphologies can be determined by the packing factor of the molecule which is: 
𝐶𝑃𝑃 = 
𝑣0
𝑎𝑙0
 (4.5) 
Where v0 is the surfactant tail, a is the area of the surfactant headgroup and l0 is the 
length of the surfactant tail45. The molecules with Cpp <1/3 form spherical micelles, Cpp 
<1/2 form cylindrical micelles. Vesicles are formed for Cpp between ½-1 and above Cpp=1 
lamellar is formed. The micelle aggregation is also the function of concentration, pH of the 
solution, temperature etc. 46.  
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No such relation between molecular structure and morphology has been found for 
siloxane amphiphilic molecules47.  However, due to flexibility of the siloxane backbone 
the siloxane chains tend to coil, and the thickness of aggregates is much smaller than the 
extended molecular chain length 48. 
Several methods can be considered for measuring the size of aggregates like light 
scattering, spectroscopy, image analysis etc. Cryo-TEM are used to see the morphology 
structures of the formed micelles 47. Small angle neutron scattering (SANS) and Dynamic 
light scattering (DLS) present information about the hydrodynamic size of the micelles. In 
present study the dynamic light scattering experiments are done to estimate the size and 
morphology of self-assemblies of siloxanes. 
Spherical 
Micelles 
Cylindrical 
Micelles 
Laminar Phases 
Bilayer Vesicles 
Figure 4.6: Summary of the aggregate structures and Amphiphile shape factors 1 
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Dynamic Light Scattering (DLS) 
  DLS measures hydrodynamic properties such as transitional and rotational 
diffusion coefficients directly and these properties relate to sizes and shapes of aggregates 
by theoretical relations Stokes-Einstein equation using diffusion coefficient 49.  
𝑅ℎ =
𝑘𝐵𝑇
6𝜋𝜂𝐷
 
(4.6) 
Where 𝑅ℎ is the hydrodynamic particle radius, 𝑘𝐵 is Boltzmann’s constant, T is 
temperature, D is translational single-particle diffusion coefficient and η is dynamic 
viscosity of the solvent 50. 
For the experimental setup, the laser beam illuminates the sample and produces 
speckle pattern as particles in the samples scatter light in all directions. The dynamic 
speckle pattern at an angle is used to determine the time correlation function. This 
correlation function can be used to calculate the diffusion of the particles 51.  
𝑔(2)(𝑞, 𝜏) =  
〈𝐼(𝑞, 𝑡)𝐼(𝑞, 𝑡 + 𝜏)〉
〈𝐼(𝑞, 𝑡)〉2
 
(4.7) 
𝑔(2)(𝑞, 𝜏) is the normalized intensity time correlation function and 𝐼(𝑞, 𝑡) is the 
mean scattered intensity. 𝑔(2)(𝑞, 𝜏) is related to correlation function 𝑔(1)(𝑞, 𝜏) as 
𝑔(2)(𝑞, 𝜏) = 1 +  𝛽(𝑞)|𝑔(1)(𝑞, 𝜏)|2 (4.8) 
Where 𝛽(𝑞) is the measure of experimental signal to noise ratio 49. For Rayleigh 
scattering  
𝑔(1)(𝑞, 𝜏) = ∫ 𝑑𝛤𝐺(𝛤) exp(−𝛤𝜏)
∞
0
 
(4.9) 
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Where 𝐺(𝛤) is decay rate distribution normalized to 1 and 
𝛤 =  𝐷𝑞2 =
𝑘𝐵𝑇𝑞
2
6𝜋𝜂𝑅ℎ
 
(4.10) 
And  
𝑞 =  
4𝜋𝑛
𝜆0
sin
𝜃
2
 
(4.11) 
𝜆0 is the laser wavelength in vacuum, n is the refractive index of solvent and 𝜃 is the 
scattering angle. 
However, integral inversion in equation 4.9 imposes several complications as it is 
highly ill-poised problem, lacks unique solution and is highly sensitive to even small 
perturbations52. 
Several methods have been used for the analysis of correlation factor. For 
monodispersed solutions, the field is considered to exponentially decay with respect to τ. 
Method of cumulants is more sophisticated was of analysis. However, both these methods 
are limited to monodispersed suspensions and cannot be used to calculates micelle 
aggregate sizes51.   
For polydisperse systems, particle size distribution from DLS data can be obtained 
using CONTIN, which Provencher encoded in FORTRAN 53.  
In CONTIN, equation 4.9 is initially discretized53: 
𝑔(1)(𝑞, 𝜏𝑚) = ∑ ?̃?(𝛤𝑛) exp(−𝛤𝑛𝜏𝑚)
𝑁
𝑛=1
 
(4.12) 
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∑ ?̃?(𝛤𝑛)
𝑁
𝑛=1
=∑ 𝐺(𝛤𝑛)
𝑁
𝑛=1
∆𝛤𝑛 = 1 
(4.13) 
This can be rewritten as 
𝑔𝑚 = 𝐴𝑚,𝑛. 𝑥𝑛 (4.14) 
𝑔𝑚 is the correlation curve data associated with 𝜏𝑚.  
𝑥𝑛 = ?̃?(𝛤𝑛) (4.15) 
𝐴𝑚,𝑛 = exp(−𝛤𝑛𝜏𝑚) (4.16) 
Hence the parameters can be fit as least square minimization problem 
𝑈 = ‖𝐴𝑥 − 𝑔‖2 (4.17) 
To add control to the ill posed problem, additional term is added 
𝑉(𝛼) = ‖𝐴𝑥 − 𝑔‖2 − 𝛼2‖𝛺𝑥 − 𝜔‖2 (4.18) 
g: experimental data 
x: recovered decay rate distribution 
Ax: recovered field correlation data 
‖𝐴𝑥 − 𝑔‖2: residue norm 
𝛼2‖𝛺𝑥 − 𝜔‖2: side constraint 
α: regularizer 
𝜔: prior knowledge about expected solution 
𝛺: matrix to give second derivative of x (chosen to provide information about curvature of 
x) 
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The α value provides us the trade-off between residual norm and the side constraint. 
Optimizing regularizer provides us not only best-fit that closes reproduces the experimental 
data but is also immune to perturbations and errors. Hence finding optimal value of 
regularizer is crucial factor of analysis DLS data. This can be done using L-curve method. 
In this method the distinct corner of log-log plot between norm of regularization solution 
and residual norm provides us information about optimal α value 54.  
This information can be substituted back into equations 4.9 and 4.10 to provide 
hydrodynamic radius of the micelle aggregates52: 
𝑔(1)(𝑞, 𝜏) = ∫ 𝑑𝑅ℎ𝐹(𝑅ℎ ) exp (−
𝑘𝐵𝑇𝑞
2
6𝜋𝜂
𝜏
𝑅ℎ
)
∞
0
 
(4.19) 
Where 
𝐹(𝑅ℎ ) =  
𝑘𝐵𝑇𝑞
2
6𝜋𝜂𝑅ℎ
2 𝐺(𝛤) 
(4.20) 
And  
∫ 𝐹(𝑅ℎ )𝑑𝑅ℎ
∞
0
= 1 
(4.21) 
 
Experimental Section 
5 mg of each siloxanes sample was dissolved in 1 ml of water. The analysis has been done 
using Zetasizer Nano ZS equipped with He-Ne laser with 633nm wavelength. The 
experiment was done at 25°C temperature with 120 seconds equilibration time and 173° 
scattering angle.  
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The data was processing was done by compiling CONTIN encoded in MATLAB by 
Marino 55 and optimized by L-curve criteria, written in MATLAB by Hansen 56 using 
following algorithm: 
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Figure 4.7: Flowchart of CONTIN algorithm incorporating L-curve criteria run in 
MATLAB 52 
 
Export Raw correlation data into 
MATLAB 
Generate array of αi = (i = 0,1,2…n) 
For i = (1 ,2, 3 …. n) 
Define initial decay time distribution 
(g0), frequency range and error bar 
Run rilt function (Marino 2013) 
Obtain final solution g for alpha  
Calculate residue norm and ||x|| norm 
i = i +1 
is i <n  
Run L-curve function to get optimal value of α (Zhu, Shen et al. 2010) 
Obtain correction data for optimal α 
no 
yes 
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Results 
The correlation curve data obtained provides us information about the shape and size of 
the aggregates present in the solution. For small sized particles, the correlation curve 
decays faster. As the size of the aggregates increases, the correlation curve decays further 
away from origin. From figure 4.8 we can say that for PEG(3) siloxanes, the size of 
aggregates is almost the same and does not depend on ammonium salt content if final 
product.  
However, from figure 4.9, we see that as the PEG content increases in the final product, 
the correlation curve decays further. Moreover, the curve has step change behaviors, which 
is indicative of change in shape of aggregates.  The change is shape could be from spherical 
micelles (series 1) to cylindrical micelles (series 2), which we can confirm using Cryo-
TEM. Therefore, The chain length of poly(ethylene glycol) plays important role in deciding 
the size and shape of the aggregates. 
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Table 4.4: Hydrodynamic Radius from DLS results. The mole ratios of PHMS:PEG(chain 
length):QUAT moles are varied as 1:20, 1:15:5, 1:10:10 for different chain length of PEG 
(3 and 11). Both PEG chain length (p < 0.05) and PHMS:PEG:QUAT (p < 0.05) have any 
significant effect on Hydrodynamic diameter as determined using 2 way ANOVA test. For 
PDI, ratio of PHMS:PEG:QUAT have significant effect. The PEG chain length is not 
significant factor (p = 0.266) in determining the PDI for the samples. Also the larger values 
of PDI for 1:20(3), 1:10(3):10, 1:20(11) and 1:15(11):5 molecules concludes that there is 
large dispersity in the calculated diameter for the sample and therefore, the diameter 
calculations contain large errors. 
 
Sample  
PHMS:PEG(Chain 
length):QUAT 
Hydrodynamic diameter (nm) PDI 
1:20(3) 163.10 ± 10.89 0.82 ± 0.08 
1:15(3):5 167.80 ± 1.27 0.26 ± 0.01 
1:10(3):10 172.40 ± 4.67 0.76 ± 0.04 
1:20(11) 588.25 ± 46.46 0.83 ± 0.14 
1:15(11):5 436.85 ± 35.00 0.48 ± 0.03 
1:10(11):10 214.90 ± 8.63 0.33 ± 0.13 
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Figure 4.8: Autocorrelation data obtained from PEG(3) siloxane series at 25°C in water. 
The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 1:15:5, 
1:10:10. All the correlation curves decay around 2500 μs. 
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Figure 4.9: Autocorrelation data obtained from PEG(11) siloxane series at 25°C in water. 
The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 1:15:5, 
1:10:10. Decay in correlation curves decay differences with changing molar ratio of 
PHMS:PEG:QUAT. The decay is the fastest with least amount of PEG(11) in the grafted 
siloxane. 
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Figure 4.10: Intensity vs. radius curves obtained from PEG(3) siloxane series at 25°C in 
water. The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 
1:15:5, 1:10:10. The intensities obtained between 107-108 nm are due to impurities like 
dust particles present in the solvent system 
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Figure 4.11: Intensity vs. radius curves obtained from PEG(11) siloxane series at 25°C in 
water. The mole ratios of PHMS:PEG(chain length):QUAT moles are varied as 1:20, 
1:15:5, 1:10:10. The intensities obtained between 107-108 nm are due to impurities like 
dust particles present in the solvent system 
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CHAPTER 5 
CONCLUSION AND FUTURE WORK 
5.1 Conclusion 
The series of amphiphilic siloxanes were successfully synthesized by hydrosilylation 
reaction. Polyethylene glycol mono ethyl ether and quaternary ammonium ions were 
grafted in different ratios. Different Polyethylene glycol chain lengths series were grafted 
for the characterization study. 1H NMR and FT-IR were used for structural analysis of 
siloxanes.  
Effects of changing chain length and molar ratios of polyethylene glycol to quaternary 
ammonium salts were studied on physical properties. Analysis of contact angle showed 
increase in hydrophilicity of siloxane on attaching polar group. Surface tension analysis 
showed that smaller polyethylene chain leads to lower surface tension which is increases 
with increasing ammonium ion concentration. Therefore, with higher PEG content with 
lower chain length, amphiphilicity of siloxanes increases. The Critical micelle 
concentration decreases with increasing quaternary ammonium ion ratio and reducing total 
polyethylene content. 
Dynamic light scattering analysis showed that the structure and size distribution of micelles 
is consistent for lower PEG chain. However, as the chain length increases with increasing 
amount of PEG in siloxane, the size distribution changes. This could be indicative of 
change in micelles structure.  
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With analysis of physical characteristics, self-assembly of the system and Presence of Si-
CH3 group which are precursor for PISTOL studies, this study can be considered as base 
study for developing more complex series of adaptive siloxane surfactants polymers for 
integrated “nanoscale” processes such as PISTOL oximetry and drug delivery. 
5.2 Future Work 
Future and ongoing work for siloxane characterization include: 
• Cryo-TEM and SAXS analysis of self-assemblies to confirm the structure and size 
distribution. 
• Synthesize micro-emulsions using siloxanes 
• Run all experiments in PBS solvent (to mimic environment present inside living 
being) 
• Ongoing MRI studies to check the presence signal and calibrate the signal strength 
to different oxygen levels in phantom experimentations 
• Check toxicity of the polymers. 
• Work on more advanced grafting polymers that can be used as drug delivery 
systems. 
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APPENDIX 1 
DYNAMIC LIGHT SCATTERING MATLAB CODE 
 
  
63 
NHeader=1;      % to remove first row of excel 
[FileName,PathName] = uigetfile({'*.xlsx';'*.xls'},'Select DLS data file for fittin 
process','C:\Users\tsc84\Documents\Postdoc\Data'); % Data: to import data from excel 
 A=xlsread(strcat(PathName,FileName));  
t=A(NHeader:size(A,1),1)*1E-6;     % time data (in sec) 
data=A(NHeader:size(A,1),2);     % correlation coefficient 
     
alpha = logspace(-4,2,20);                                            %array of alpha values 
 for i =1:20                                                                    %loop for different alpha values 
 s = logspace(-5,7,40)';                                                  % s ~= 1/t (range) (-3 ,7) 
 g0 = ones(size(s));                                                        % initial distribution (assumption) 
  
 R = zeros(length(g0)+2,length(g0));                            % for error function in rilt 
for j = 1:length(g0)                                                        %defined in CONTIN 
R(j,j)=1; 
R(j+1,j)=-2; 
R(j+2,j)=1; 
end 
   
[g,yfit,cfg] = rilt(t,data,s,g0,alpha(i),[],[],[],[],[],R,[]);             % rilt function 
VAR(i) = sum((cfg.w).*(cfg.yfit-data).^2);   % residue norm 
x(i) = sum((cfg.R*g).^2);     % x value for L-curve  
 end  
 
[reg_c,rho_c,eta_c] = l_corner(VAR,x,alpha)  % L-curve 
  
% defining s, g0, R again for running CONTIN algorithm with optimal alpha value with 
increased number of points in frequency domain 
 
s = logspace(-5,7,100)';       
g0 = ones(size(s));       
 R = zeros(length(g0)+2,length(g0)); 
 
for j = 1:length(g0) 
R(j,j)=1; 
R(j+1,j)=-2; 
R(j+2,j)=1; 
end 
 
alpha = reg_c; 
 
[g,yfit1,cfg] = rilt(t,data,s,g0,alpha,[],[],[],[],[],R,[]); 
 
figure; semilogx(t,data,'.',t,yfit1,'ro'); title('data and fitting') 
figure; semilogx(s,g/max(g),'o-'); title('g-target and g') 
64 
  
------------------------------------------------------------------------------------------------------------ 
 
function [g,yfit,cfg] = rilt(t,y,s,g0,alpha,varargin) 
%     rilt   Regularized Inverse Laplace Transform 
%  
% [g,yfit,cfg] = rilt(t,y,s,g0,alpha) 
%  
% calculated by a regularized least squares method. This script is 
% an emulation of S. Provencher CONTIN program, written in Fortran. 
% See http://s-provencher.com/pages/contin.shtml. 
%  
 
g0 = g0(:); % must be column 
s = s(:); % must be column 
y = y(:); % must be column 
t = t(:); % must be column 
  
if nargin == 5 
    plot_type = @semilogx; 
    maxsearch = 1000; 
    options = optimset('MaxFunEvals',1e8,'MaxIter',1e8); 
    shape = 'decay'; 
    constraints = {'g>0','zero_at_the_extremes'}; 
    R = zeros(length(g0)-2,length(g0)); 
    w = ones(size(y(:))); 
elseif nargin == 12 
    if isempty(varargin{1}) 
        plot_type = @semilogx; 
    else 
        if strcmp(varargin{1},'logarithmic') 
            plot_type = @semilogx; 
        elseif strcmp(varargin{1},'linear') 
            plot_type = @plot; 
        end 
    end 
    if isempty(varargin{2}) 
        maxsearch = 1000; 
    else 
        maxsearch = varargin{2}; 
    end 
    if isempty(varargin{3}) 
        options = optimset('MaxFunEvals',1e8,'MaxIter',1e8); 
    else 
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        options = varargin{3}; 
    end 
    if isempty(varargin{4}) 
        shape = 'decay'; 
    else 
        shape = varargin{4}; 
    end 
    if isempty(varargin{5}) 
        constraints = {'g>0';'zero_at_the_extremes'}; 
    else 
        constraints = varargin{5}; 
    end 
    if isempty(varargin{6}) 
        R = ones(length(g0)-2,length(g0)); 
    else 
        R = varargin{6}; 
    end 
    if isempty(varargin{7}) 
        w = ones(size(y(:))); 
    else 
        w = varargin{7}; 
    end 
end 
  
[sM,tM] = meshgrid(s,t); 
  
% Also raising kinetics can be inverted 
if strcmp(shape,'raise') 
    A = 1 - exp(-tM./sM); 
elseif strcmp(shape,'decay') 
    A = exp(-tM./sM); 
else 
    error(['Unknown shape: ' shape]); 
    return; 
end 
  
% Rough normalization of g0, to start with a good guess 
g0 = g0*sum(y)/sum(A*g0); 
  
% Plots initialization 
fh = gcf; clf(fh); 
set(fh,'doublebuffer','on'); 
s1h = subplot(2,2,1); plot(t,y,'.',t,A*g0); title('Data and fitting curve'); axis tight 
s2h = subplot(2,2,2); feval(plot_type,s,g0,'o-'); title('Initial distribution...'); axis tight 
s3h = subplot(2,2,3); msdh = plot(0,0); title('Normalized msd'); 
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s4h = subplot(2,2,4); plot(t,abs(y-A*g0)); title('Residuals'); axis tight 
msd2plot = 0; 
drawnow; 
  
% Main cycle 
ly = length(y); 
oldssd = Inf; 
tic 
for k = 1:maxsearch, 
    % msd: The mean square deviation; this is the function 
    % that has to be minimized by fminsearch 
    [g,msdfit] = fminsearch(@msd,g0,options,y,A,alpha,R,w,constraints); 
    %--- Re-apply constraints ---- 
    if ismember('zero_at_the_extremes',constraints) 
        g(1) = 0; 
        g(end) = 0; 
    end 
    if ismember('g>0',constraints) 
        g = abs(g); 
    end 
    %-------------------- 
    g0 = g; % for the next step 
    ssd = sqrt(msdfit/ly); % Sample Standard Deviation 
    ssdStr = num2str(ssd); 
    deltassd = oldssd-ssd; % Difference between "old ssd" and "current ssd" 
    disp([int2str(k) ': ' ssdStr]) 
    oldssd = ssd; 
    msd2plot(k) = msdfit/ly; 
    
plotdata(s1h,s2h,s3h,s4h,t,y,A,g,k,maxsearch,plot_type,s,msd2plot,msdh,ssdStr,deltassd); 
  
    % Condition for the stabilization (end of cycles): 
    % difference between "old ssd" and "current ssd" == 0 
    if deltassd == 0, % < eps, 
        disp(['Stabilization reached at step: ' int2str(k) '/' int2str(maxsearch)]) 
        break; 
    end 
end 
disp(['Elapsed time: ' num2str(toc/60) ' min.']) 
  
% Saving parameters and results 
yfit = A*g; % fitting curve 
  
cfg.t = t; 
cfg.y = y; 
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cfg.yfit = yfit; 
cfg.g0 = g0; 
cfg.alpha = alpha; 
cfg.R = R; 
cfg.w = w; 
cfg.maxsearch = maxsearch; 
cfg.constraints = constraints; 
cfg.date = datestr(now,30); 
  
% Store g and s in a temporary file 
% that can be loaded as a starting configuration 
save rilt_temp g s cfg 
disp('Temp output saved.') 
set(gcf,'name','Fitting done') 
  
% ### SUBS ##################################################### 
function out = msd(g,y,A,alpha,R,w,constraints) 
% msd: The mean square deviation; this is the function 
% that has to be minimized by fminsearch 
  
% Constraints and any 'a priori' knowledge 
if ismember('zero_at_the_extremes',constraints) 
    g(1) = 0; 
    g(end) = 0; 
end 
if ismember('g>0',constraints) 
    g = abs(g); % must be g(i)>=0 for each i 
end 
  
  
yfit = A*g; 
% Sum of weighted square residuals 
VAR = sum(w.*(y-yfit).^2); 
% Regularizor 
REG = alpha^2 * sum((-R*g).^2); 
% Output to be minimized 
out = VAR+REG; 
  
  
  
% ### SUBS ##################################################### 
function 
plotdata(s1h,s2h,s3h,s4h,t,y,A,g,k,maxsearch,plot_type,s,msd2plot,msdh,ssdStr,deltassd) 
% For the "real-time" plots 
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axes(s1h); 
plot(t,y,'.',t,A*g); title('Data') 
xlabel('Time (s)'); 
axis tight 
  
axes(s2h); 
feval(plot_type,s,g,'o-'); 
title('Relaxation times distribution g(s)'); 
xlabel('s'); 
axis tight 
  
axes(s3h); 
title(['ssd: ' ssdStr '; \Deltassd: ' num2str(deltassd)]) 
ylabel('Sample Standard Deviation') 
xlabel('Step') 
set(msdh,'xdata',1:k,'ydata',msd2plot); 
axis tight 
  
axes(s4h); 
plot(t,abs(y-A*g)/length(y),'o-'); 
title('Normalized residuals') 
xlabel('Time (s)'); 
axis tight 
  
set(gcf,'name',['Step:' int2str(k) '/' int2str(maxsearch)]) 
  
drawnow 
 
 
 
